Abstract: Using a new version of a program called GEPOL, a consistent set of values for areas of three different kinds of surfaces for 53 gaseous solutes was computed by Silla et al. These surface areas, together with the volumes of space enclosed by the surfaces, are reported in the present paper. The three surfaces are the van der Waals Surface (WS), the Solvent Accessible Surface (SAS) and the Solvent-Excluding Surface (SES). Values for the number of water molecules (N) in the first solvation shell are estimated by a simple surface area approach from the SAS data. Values of N, as well as literature data on solubilities of gases in water, are used to study various semi-empirical correlations between thermodynamic changes on solution and the number of water molecules in the first solvation shell.
Dilute aqueous solutions of gases have been of continuous experimental and theoretical interest. Reliable solubility data exist for a large variety of gases in water. '-18 Experimental data have been important for validating the results of theoretical calculations, computer simulations, and various practical applications. There is a continuing search for better equations and better correlations. Studies of the thermodynamics of solution of simple model compounds, such as the rare gases and small alkanes have provided the basic information for various additivity rules to be used in the prediction of changes in the thermodynamic quantities of other, more complex systems. These studies can also be expected to yield useful information on the role that water-solute interactions play in solutions of biological macromolecules.
In water-solute interactions the water molecules in the first layer around the solute differ from the bulk water.1932o Thus, the number of water molecules (N) in the first solvation shell is considered an important quantity in theories of aqueous solutions. However, only a few values of N have been reported in the literature for gaseous solutes, and the gases considered have mainly been rare gases or hydrocarbon gases. Values of N have been estimated from Monte Car10 simulations of solutes in waterlg or from the solute cavity surface a r e a~~l -~~. With the development of computers in the last two decades methods for computing molecular surfaces have steadily improved. For the present study, a consistent set of values for areas of three different kinds of surfaces for 53 gaseous solutes was computed by Silla et al., using a new version of a program called GEPOL!5-27 The three surfaces are van der Waals Surface (WS), Solvent Accessible Surface (SAS), and Solvent-Excluding Surface (SES). The volumes of space enclosed by WS, SAS and SES were also computed and are reported in this work. Values of N estimated from the SAS data, along with literature values on solubilities, are used to study various semi-empirical correlations between thermodynamic changes on solution and the number of water molecules in the first solvation shell.
*Lecture presented at the 8th International Symposium on Solubility Phenomena, Niigata, Japan, 5-8 August 1998. Other presentations are published in this issue, pp. 1867-1932.
MOLECULAR SURFACES
There are three kinds of molecular surfaces that make use of the van der Waals radius. First, the proper van der Waals surface (WS in Fig. 1 ) which is the external surface resulting from a set of spheres centered on the atoms or a group of atoms forming the molecule. Second, the surface accessible to the solvent (SAS in Fig. l) , defined by Richards and Lee28 as the surface generated by the center of the solvent, considered as a rigid sphere, when it rolls around the van der Waals surface. Third, the solvent-excluding surface (SES in Fig. l) , which was named by Richards2' as the Molecular Surface, was defined by him as composed of two parts, the contact surface and the reentrant surface. The contact surface is the part of the van der Waals surface of each atom which is accessible to a probe sphere of a given radius. The reentrant surface is defined as the inward-facing part of the probe sphere when this is simultaneously in contact with more than one atom. Silla et ~7 1 .~~ suggested the name of Solvent-Excluding Surface which is more specific than Molecular Surface. They define SES as the surface envelope of the volume excluded to the solvent, considered as a rigid sphere (probe sphere), when it rolls around the van der Waals surface. 27 Many algorithms have been developed for the computation of the area and volume of the WS and SAS but, to our knowledge, only two of them are able to compute the SES.30,3' GEPOL,3' developed in Silla's laboratory, computes the three types of surface. GEPOL has shown its capability in computing with a high degree of accuracy and precision the WS and SAS for all kinds of The computed values for Aws (the van der Waals Surface area), ASAS (the Solvent Accessible Surface area) and ASES (the Solvent-Excluding Surface area) are listed in Table 1 . For the calculations the van der Waals radii were obtained from B o n d i '~~~ article. Standard bond lengths and bond angles34 were used. Some geometrical values were taken from Ref. 35 . The value of r, = 0.14 nm was used for the van der Waals radius of water.36 Values for the three parameters used by GEPOL27 were NDIV = 5, OFAC = 0.8 and RMIN = 0.2.
In Table 1 the values for the number of water molecules (N) are also reported. The value of N was estimated by dividing the area of the Solvent Accessible Surface by the effective area occupied by a water molecule:23 Table 2 volumes of space enclosed by the WS, SAS and SES are given.. The solubility data for correlational studies were collected from the literature and are presented in Table 3 . Figure 2 have been calculated from the mole fraction solubilities given in 38 Therefore, in the present work only calorimetric data23.24~3941 have been used for the correlational study on the changes in heat capacity for gases in water (Fig. 5,) . 
SEMI-EMPIRICAL CORRELATIONS
Despite the continuous search for better equations and better correlations, a really successful general and simple correlation for the solubility of gases in water is still lacking. Studies have mainly been done with the rare gases23 or simple hydrocarbon Some fie on^^^ have also been included.
gases. 10, 40, 41 Besides the correlation w i t h the number of water molecules in the first solvation she1123324,41, the relation between the thermodynamic changes on solution and the number of carbon atoms" or hydrogen atoms4' in the solute have been studied. In their review article on the low-pressure solubility of gases in water Wilhelm et aL3 have studied several semi-empirical correlations for a great variety of gases. The best correlation for the widest range of solute characteristics was for the entropy change on solution vs. a parameter related to the surface area of the solute molecules. In the present work our initial hope was that we would find a semi-empirical correlation connecting the number of water molecules in the first solvation shell with Tables 4 and 5 .
The solubility data for He (3), Ne (4) , Ar (9) , Kr (1 l),
and Xe (17) are from high precision solubility measurement^'^ whereas the data for Rn (25) Table 4 ). The regression equations AH" vs. N obtained by using either the van7 Hoff values or the calorimetric values, which are independent of solubility data, are almost identical for the group He to Xe. This can be considered as an indication of the reliability of these values. As there is a doubt about the precision of the solubility data for Rn, the thermodynamic changes on solution of Rn in water could be estimated from the regression equations for the group He to Xe (Tables 4 and 5 Seven alkanes were studied: CHq (lo), C2H6 (23), C3Hs (33h (CH3)2CHCH3 (44), GHIO (461, C(CH3)4 (51) and C5H12 (53). Besides being part of the nalkanes group, CHq, C2H6 and C3Hs can be considered to form a homologous series also with the two branched alkanes (CH3)2CHCH3 and C(CH3)4. Regression equations have been derived for both groups (Table 4) . Using the quadratic equations for the group methane to n-butane, following values for n-pentane can be estimated: AGO = 28 kJ mol-', AH" = -27 kJ mol-', ASo = -185 J K ' mol-'. For ACpo a value of 438 J K ' mor' is obtained using the equation from Table 5 For ACpo no literature value was found.
Solubility data for only one alkyne, HCiCH (1 6), and three alkenes, H2C=CH2 (1 S), H2C=CHCH3 (30) , and H2C=CHCH=CH2 (39) were available. The alkenes and alkynes are more soluble in water than the parent alkane. From Fig. 2 it can be seen that On the basis of regression equations AHO and T A P vs. N for the freon group CF4 (26), CCIF3 (29) , and CC12F2 (36) (Table 4. ) the values of W = -31 kJ mol-' and ASo = -175 J K-' mor' can be estimated for CC13F (40) Compared with the calorimetric ACpo values reported for the freon homologue~~~, the above van't Hoff ACpo values for CF4 seem much too high. As known, relatively large random errors are associated with the experimental ACpo values derived from the temperature dependent solubility data unless the data are of high precision q~ality.~' Therefore, more reliable values could perhaps be estimated by utilizing the regression equations given in Table 5 and the calorimetric ACpo values24 of CCIF3 and CC12F2. A reasonably good linear relationship exists between ACpo and N over a wide variety of solute gases (Table 5 ). On the basis of the slope of regression equations ACpo increases by about 15 J K ' mol-' for each additional water molecule in the first solvation shell. Thus, the values of ACpo = 248 J K' mol-' for CF4 and ACpo = 345 J R' mol-' for CC13F can be estimated. The value predicted by the Scaled Particle Theory 44, 45 for ACpo(CF4) is 210 J K ' mol-' (Ref. 15) which is in good agreement with the above estimate of 248 J K ' mol-'. For ACp0(CCI3F) no literature value was found for comparison.
For all gases taken together, simple semi-empirical correlations between the equilibrium solubility and N were not successful. However, some useful trends for several groupings of the gases have been shown. Values for areas of van der Waals Surface, Solvent Accessible Surface and Solvent-Excluding Surface, as well as values for volumes of space enclosed by these surfaces, for 53 gaseous solutes have been reported for possible further correlational studies where also other factors, like polarity and polarizability should be taken into account.
